Vesicles prepared in water from a series of diblock copolymers and termed "polymersomes" are physically characterized. With increasing molecular weightM n , the hydrophobic core thickness d for the self-assembled bilayers of polyethyleneoxide -polybutadiene (PEO-PBD) increases up to ∼ 20 nm -considerably greater than any previously studied lipid system. The mechanical responses of these membranes, specifically, the area elastic modulus K a and maximal areal strain α c are measured by micromanipulation. As expected for interface-dominated elasticity, K a (≃100 pN/nm) is found to be independent ofM n . Related mean-field ideas also predict a limiting value for α c which is universal and about 10-fold above that typical of lipids. Experiments indeed show α c generally increases withM n , coming close to the theoretical limit before stress relaxation is opposed by what might be chain entanglements at the highestM n . The results highlight the interfacial limits of self-assemblies at the nano-scale.
Self-assembly in solution is viewed as a primary tool of nanoscience and technology, but at such length scales interfacial area can dominate material volume. The physical consequences of interfaces on the stability and elasticity of self-assemblies therefore need to be systematically examined. Towards this end, we describe the material properties of vesicle membranes made from a novel molecular weight series of diblock copolymers.
As inspiration, biological systems of all sorts have long been appreciated as exploiting aqueous self-assembly. Synthetic amphiphiles of many types have also been shown to spontaneously self-assemble in water into highly ordered structures [1] [2] [3] [4] [5] [6] . Prototypical amphiphiles have thus been expanded from lipids to block copolymers. Depending on temperature T and molecular characteristics including geometry, many different morphologies are now clearly possible: vesicles, micelles, and other more exotic structures included. What contributes to stability, however, is not always clear.
While it is well-known that cell membranes are a complex mixture of phospholipids, cholesterol and proteins, only phospholipids can form vesicles by themselves. Lipid vesicles or "liposomes" [7] have long served as model cell membrane systems and thus have received considerable attention over the past few decades -both in terms of revealing fundamental membrane behavior as well as motivating biological mimicry [8] . However, applications have been continually hindered by a lack of mechanical stability [9] . The hydrophobic core thickness d of liposomes is narrow in range (3-5 nm) and this limitation is presumably commensurate with membrane physical properties. Vesicles formed from polyethyleneoxidepolybutadiene (PEO-PBD) diblock copolymers [10] , allow us to extend the range of d up to 21 nm and explore the impact on membrane properties. Table I , a novel molecular weight series of PEO-PBD plus PEOpolyethylethylene was synthesized by standard living anionic polymermization techniques [11] . The number of monomer units in each block was determined by 1 H-NMR. Gelpermeation chromatography with polystyrene standards was used to determine numberaverage molecular weightsM n as well as polydispersity indices (always < 1.10). The PEO volume fraction is denoted by f EO . For comparison, the phospholipid SOPC (1-stearoyl-2-oleoyl phosphatidylcholine) has a hydrophilic volume fraction of ≃30%.
Materials and Methods Materials As listed in
Chemicals Phosphate-buffered saline (PBS) was prepared by dissolving PBS tablets from Sigma (St. Louis, MO) in deionized water. Sucrose in deionized water was the typical media present during vesicle formation.
Preparation of Polymer Vesicles Giant vesicles were made by film rehydration. Briefly, 10-50 µL of a 4 mg/mL copolymer in chloroform solution was uniformly coated on the inside wall of a glass vial, followed by evaporation of the chloroform under vacuum for 3 h. Addition of sucrose solution (250 − 300 mM) led to spontaneous budding of vesicles off of the glass and into solution. Copolymers of higher molecular weight (i.e., OB18, OB19) required incubation at ≃ 60
• C to increase vesicle size and yield.
Microscopy and Micromanipulation A Nikon TE-300 inverted microscope with Narishige manipulators was used for micropipette manipulation of vesicles. A custom manometer system with pressure transducers (Validyne, Northridge, CA) allowed for control and monitoring of the pressure. Imaging was done with either a 40×, 0.75 NA air objective lens under bright-field illumination or a 20×, 0.5 NA phase objective lens for phase contrast imaging. Bright-field imaging was used for clear visualization of the vesicle membrane, whereas phase contrast was used when a difference in refractive indices was established between the interior and exterior solutions (e.g., sucrose inside and PBS outside). The contrast is visibly moderated by any exchange of solutes resulting from, for example, membrane rupture.
Cryogenic Transmission Electron Microscopy (cryo-TEM) Thin films (about 10-300 nm) of aqueous solution suspended in a microperforated grid were prepared in an isolated chamber with temperature and humidity control. The sample assembly was rapidly vitrified with liquid ethane at its melting temperature (≃ 90 K), and kept under liquid nitrogen until it was loaded onto a cryogenic sample holder (Gatan 626). Images were obtained with a JEOL 1210 at 120 kV using a nominal underfocus of 6 µm and digital recording. For a more detailed description and related examples, see [12, 13] .
Mechanical Measurements by Micropipette Methods Mechanical properties of membranes such as the area elastic modulus and the areal strain at rupture were measured by micropipette methods as reported previously [6, 14, 15] .
Results and Discussion
Whereas all lipid membrane systems have a hydrophobic core d of 3-5 nm [16] , cryo-TEM of 100-200 nm diameter vesicles directly reveals that d for membranes of PEO-PBD diblocks is considerably larger (Table I and Fig. 1 ). The images indicate that d increases withM n and also suggest that the interface between the hydrophobic core and the PEO brushes is equally sharp for all of the polymersomes, independent ofM n . This generally agrees with theoretical predictions for polymers in the strong segregation limit (SSL), where interfacial thickness should scale as ∼ χ 0.5 [17] , with χ being the Flory interaction parameter. The latter qualitative observation is a first clue that the interfacial tension driving the self-assembly of the diblocks in water is essentially constant for this series.
Assuming the thickness of a hydrophobic core depends on the molecular weight of its hydrophobic segments,
a provides insight into chain conformations within a membrane core. In theory, fully stretched chains would give a = 1 and random coils would give a = 1/2, for example. Polymer chains in the SSL (such as those here) are expected to scale as a = 2/3 for bulk lamellae [18] , which makes the experimental result for polymersomes of a ≃ 0.50 ( Fig. 2 ) rather surprising. This exponent is suggestive of θ-solvent or ideal polymer conditions typical of chains in homogeneous melts, but gives little insight into the actual chain configurations in the core. The results are nonetheless consistent with fluid, if viscous, copolymer membranes as reported elsewhere [19] . One might expect a large degree of chain stretching due to the strong block segregation, but it seems plausible that chain entropy dominates as the molecules become progressively larger compared to the relatively sharp interfacial region. There is also evidence that the PEO chains are considerably collapsed at the interface [20] , thereby shielding the butadiene groups from water. These hydrophobic segments are thus largely unaware of the aqueous environment.
Complementary to structure, the elasticity and strength of the polymersome membranes can be probed by applying micropipette techniques to giant vesicles. Making use of standard methods for lipids, we form giant unilamellar vesicles that can be aspirated into micropipettes (of internal radius R p ). A projection length ∆L of membrane results from an applied pressure ∆P (Fig. 3a) .
These two measured quantities are used to calculate the imposed surface tension τ and the relative area expansion α ≡ ∆A/A o from the Law of Laplace and known geometry:
where R v is the outer vesicle radius. The quantities τ and α are the 2-dimensional analogues of bulk stress and strain. Thus the initial slope of a plot of τ vs. α reveals the area elastic modulus K a of the tangent-surface projected material (Fig. 3 ). For lipid membranes K a can vary from less than 100 pN/nm to greater than 1000 pN/nm [21] , with a strong dependence on additives such as cholesterol and, presumably, headgroup interactions. K a is generally viewed as being related to the interfacial tension γ which reflects the chemical composition at each interface of the membrane. Balancing molecular compression within the bilayer against γ, a simple area elasticity calculation [22] gives K a = 4γ. The chemical rather than physical basis for γ leads one to expect that K a is independent ofM n (and d). Indeed a mean K a of 102 ± 10 pN/nm is obtained for all the copolymers (Fig. 4) . This includes OE7, which is simply a hydrogenated OB. Surface elasticity of the membrane thus depends only on the interface. Moreover, enthalpic interactions between PEO chains, which might include H 2 O bridging [23] or crystallization [11] are either independent of PEO length or simply not a factor. A value of γ = 25 pN/nm is very typical of oil-water interfaces. As suggested, γ can be expressed in terms of chemical interactions such as χ, which provides a measure of segregation between blocks; specifically, γ ∼ χ 0.5 [17] . Thus by combining knowledge of geometrical packing constraints (e.g., f EO ≃ 30-40%) with estimates of χ, not only can one in principle predict what molecules will form stable bilayer membranes, but also how soft the resulting membranes will be.
While phosphatidylcholine membranes appear slightly stiffer than these polymersome membranes, no lipid membrane can be strained by more than ≃ 5% before rupture, regardless of cholesterol addition. In contrast, the present synthetic systems can be strained by almost 50%, with a strong dependence on molecular weight (Fig. 5) . At such large strains, an incompressible membrane melt will thin considerably to a reduced thickness
2 ), excluding the largest copolymer, OB19, which falls well below this correlation. As will be explained later, the apparent τ c and α c both appear smaller for OB19 (τ c = 22 ± 5 pN/nm) than for OB18 (τ c = 33 ± 5 pN/nm). Thus, although larger copolymers allow for larger areas per chain, there appears to be an upper bound on the strain (and stress) that can be withstood by a membrane.
The same balance of forces used to understand membrane elasticity proves insightful for rupture. The net chain pressure Π (core plus headgroup) and applied tension τ are balanced by the interfacial tension γ:
To account for the high-strain curvature in the aspiration plots of Fig. 3 , the isotropic membrane tension is expanded to second order:
Because of isotonic conditions, τ 0 = 0, and the experiments are well-fit by
and, on average the coefficient c ≡ 1 2 ∂ 3 F/∂α 3 has the value of 1.0 ± 0.2 for OB9, OB18 and OB19. Using the previously cited mean-field result of K a = 4γ, we obtain
and solve for α to arrive at
From Eq. (7), there can only be real solutions provided that Π ≥ γ. Noting that Π = 2γ at zero applied tension, γ ≤ Π ≤ 2γ. Establishing the bounds for Π allows us to do the same for τ via Eq. and τ ≤ K a /4) largely agree (≤20%) with the experimentally observed limits on the tensions and areal strains sustainable by self-assembled polymersome membranes. The case where the core polymer is treated more three-dimensionally as a brush [15] gives α ≤ 1 3 -which is exceeded here. The overall membrane behavior also appears rather insensitive to any local variations associated with finite polydispersity and is instead dominated by the collective behavior of a melt-like state. Thus the increased thickness (i.e., largerM n ) makes the interface more readily self-healing. In natural membranes, by comparison, stiffening and toughening of the membranes through cohesive healing of defects is accomplished by the small molecule cholesterol.
The nonlinearity in the stress-strain curves, τ (α), also appears distinctive and revealing. Lipid membranes cannot withstand strains exceeding ≃ 5% and thus behave in a simple linear fashion. First-order analysis (c = 0) would yield α ≤ 1 2 (independent of γ or χ) but not the additional conditions of Π/γ ≥ 1 and τ /γ ≤ 1. Such bounds further suggest that τ might also be expressed as a simple hyperbolic function of the form τ = (gK a α)/(g + α), where g is a constant, in place of Eq. (5). This functional form has suitably built-in limits for τ .
Although unclear at this point, the precipitous behavior of the largest d (or d c ) membrane might be the result of increasing physical entanglements between chains. The inset to Fig. 3b is representative of the very slow relaxation dynamics after aspiration of OB19 membranes. Even in OB18, membrane dynamics following membrane poration are dramatically slower (> 100-fold) than OE7 dynamics [25] . Furthermore, lateral diffusion coefficients in the larger diblocks, beginning with OB18, appear to exhibit scaling of higher-order than simple Rouse diffusion [19] . Provided that the timescale for aspiration is much less than the timescale for rearrangement of polymer chains (as is likely at the largestM n ), the postulated entanglements could act in a similar way to covalent crosslinks. Surprising perhaps but consistent with the results here, polymersome membranes with low crosslink densities appear weaker than uncrosslinked membranes [26] . This destabilization presumably arises through stress localization. In other words, due to slow relaxations, the tension τ is inhomogeneous over the membrane. Although results with lipids [27] show that higher stress can be sustained at higher loading rates for short times, the entanglements suggested here and elsewhere [19] would tend to oppose stress equilibration at high loading rates, allowing non-equilibrated stress points to dominate rupture processes.
Non-equilibrium effects indicated above can also be seen in τ -α hysteresis loops following graded release from aspiration (Fig. 3) . Even down to low apparent areal strains (<10%), OB19 exhibits marked hysteresis, whereas OB18 aspiration appears reversible up to more modest strains (≃10-15%). In contrast, aspiration of OE7 vesicles is reversible for nearly all strains up to lysis [6] . Hence the hysteretic behavior might reflect the long relaxation times that scale either strongly withM n or exponentially [28] depending on unseen details of chain microstructure.
Despite uncertainties at highM n , the scaled response at lowM n is revealing in further analysis. First of all, the cohesive energy per unit areaẼ c = αc 0 τ (α)dα is readily calculated from Eq. (5), and for the toughest membrane (OB18) is found to be 35-fold greater than SOPC and 3-fold greater than OE7 despite OB18 being less than twice as thick in d. Secondly, an equilibrium chain area A ∼M ). This appears consistent with the phase behavior of block copolymers being governed by (χN) where N is the number of monomeric segments and is thus proportional to molecular weight [18] .
Conclusions
Vesicles formed by increasingly larger amphiphiles provide new insight into some of the basic material properties of bilayer membranes. By use of synthetic diblock copolymers, limitations of lipid bilayers have been far exceeded, and novel physical bounds and simple scaling relations established. Specifically, the area elastic modulus K a is found to be scale-independent, in accordance with simple surface elasticity theories. The membrane lysis tension τ c and areal strain α c both increase withM n , but only up to a simple limit. The possible onset of chain entanglements with higherM n appears to introduce core-bulk effects that eventually undermine interfacial elasticity through slowed response times. Examination of membranes assembled from PEO-PBD-PEO triblocks, where linear and looped configurations are expected, may help clarify such mechanisms. Of additional interest will be determinations of other properties such as the bending modulus which is expected to scale as ∼ K a d 2 [6] for interface-dominated membranes. More unexpected behavior might be seen with larger diblocks or charged, crystallizing, or even glassy amphiphiles. FIG. 3 . Determination of mechanical properties by micropipette aspiration. The applied tension τ is plotted against areal strain α and the area elastic modulus K a is determined from the initial slope. Unlike OE7 vesicles whose aspiration is entirely reversible [6] , hysteresis is observed after large strains imposed upon OB18 and OB19 vesicles. [15] , reflecting the distinct composition. Data are shown for various phospholipids (△) [15] , OE7 (•), and OB (2) vesicles. Mean K a is 102 ± 10 pN/nm.
FIG. 5.
Areal strain at rupture versus critical thickness. Scaling behavior is greater than a simple linear dependence with an exponent ≃ 1.6. Data are shown for SOPC (△), OE7 (•), and OB (2) vesicles. The predicted upper limit of 50% is universal to bilayer systems. Note that lipid membranes are well below this bound and typically do not exceed ∼ 5% areal strains. The hatched region schematically illustrates the molecular weight range where chain entanglements might contribute [24] .
